Studies in animals have documented that, compared with glucose, dietary fructose induces dyslipidemia and insulin resistance. To assess the relative effects of these dietary sugars during sustained consumption in humans, overweight and obese subjects consumed glucose-or fructose-sweetened beverages providing 25% of energy requirements for 10 weeks. Although both groups exhibited similar weight gain during the intervention, visceral adipose volume was significantly increased only in subjects consuming fructose. Fasting plasma triglyceride concentrations increased by approximately 10% during 10 weeks of glucose consumption but not after fructose consumption. In contrast, hepatic de novo lipogenesis (DNL) and the 23-hour postprandial triglyceride AUC were increased specifically during fructose consumption. Similarly, markers of altered lipid metabolism and lipoprotein remodeling, including fasting apoB, LDL, small dense LDL, oxidized LDL, and postprandial concentrations of remnant-like particle-triglyceride and -cholesterol significantly increased during fructose but not glucose consumption. In addition, fasting plasma glucose and insulin levels increased and insulin sensitivity decreased in subjects consuming fructose but not in those consuming glucose. These data suggest that dietary fructose specifically increases DNL, promotes dyslipidemia, decreases insulin sensitivity, and increases visceral adiposity in overweight/obese adults.
Introduction
Studies investigating the effects of fructose consumption in humans and animals have been comprehensively reviewed (1) (2) (3) (4) , and while strong evidence exists that consumption of diets high in fructose results in increased de novo lipogenesis (DNL), dyslipidemia, insulin resistance, and obesity in animals, direct experimental evidence that consumption of fructose promotes DNL, dyslipidemia, insulin resistance, glucose intolerance, and obesity in humans is lacking. Thus, we have investigated and compared the biological effects of the 2 major simple sugars in the diet, glucose and fructose, on BW and regional fat deposition and on indices of lipid and carbohydrate metabolism in older, overweight and obese men and women.
We sought to answer the following questions: (a) Does consumption of fructose with an ad libitum diet promote greater BW gain and have differential effects on regional adipose deposition and adipose gene expression compared with consumption of glucose with an ad libitum diet? (b) Does consumption of fructose induce dyslipidemia compared with consumption of glucose? (c) Is fructose-induced hypertriglyceridemia the result of increased rates anthropomorphic characteristics or in any of the measured metabolic parameters (Table 2) .
Outpatient food intake, BW and composition, adipose tissue gene expression, and blood pressure. During 24-hour food-intake recall interviews conducted on 6 outpatient days, both groups of subjects reported consuming significantly more energy than their calculated energy requirements. There were no significant differences between men and women or between subjects consuming glucose and subjects consuming fructose in fat, sugar, or alcohol intake as a percentage of energy intake or in the amount of energy consumed as a percentage of calculated energy requirements (Supplemental Table 2 ).
The changes in anthropomorphic outcomes are summarized in Table 3 , and detailed analyses are presented in Supplemental Table  3 . Despite comparable weight gain, there were differential effects of glucose and fructose on regional adipose deposition and gene expression. BW was stable during the 2-week inpatient periods at both the beginning and end of the study. However, during the 8-week outpatient intervention period, when the subjects consumed 25% of daily energy requirement as glucose-or fructosesweetened beverages along with ad libitum self-selected diets, both groups of subjects exhibited significant increases of BW ( Figure  1A ), fat mass, and waist circumference. Total and visceral adipose tissue (VAT) volumes were not significantly changed in subjects consuming glucose; however, subcutaneous adipose tissue (SAT) volume was significantly increased. In contrast, both total abdominal fat and VAT volume were significantly increased in subjects consuming fructose ( Figure 1B) .
SAT from the gluteal region was biopsied at 0 weeks and 10 weeks and analyzed for the expression of lipogenic and other genes (Supplemental Table 4 ). The percentage changes of gene expression at 10 weeks compared with baseline (0 weeks) were greater in subjects consuming glucose than in those consuming fructose for stearoyl-CoA desaturase, fatty acid desaturase 1, and fatty acid desaturase 2. All subjects had normal blood pressure measurements at baseline, and blood pressure values did not change during the consumption of either fructose or glucose over the course of the 10-week intervention period (Table 3; Supplemental Table 5) .
Lipid and lipoprotein concentrations, fractional hepatic DNL, and lipoprotein lipase activity. Plasma concentrations of lipid and lipoprotein parameters measured at 0 weeks, 2 weeks, 8 weeks, and 10 weeks with detailed analyses are presented in Supplemental Table 6 .
In general, plasma lipid and lipoprotein concentrations increased markedly during fructose consumption and were unchanged during glucose consumption (Table 4 ). In exception, fasting TG concentrations increased in subjects consuming glucose but were unchanged in subjects consuming fructose (2, 8, and 10 weeks vs. 0 weeks: +1.0% ± 5.5%, +1.0% ± 5.0% and +3.9% ± 5.5%; P = 0.92). There was marked variability in the fasting TG responses to fructose consumption both within groups and within the individual subject. The mean SD of the percentage changes at 2 weeks, 8 weeks, and 10 weeks compared with 0 weeks in each subject was 13.4% ± 1.5%. In contrast to fasting TG, indices of postprandial TG -23-hour AUC, TG exposure, postprandial TG peak -did not increase in subjects consuming glucose but were markedly increased in subjects consuming fructose ( Figure 2 , A and B). Fasting ( Figure 3 , A and B) and postprandial apoB, the apoB/apoA1 ratio, and total and LDL cholesterol were also unchanged during consumption of glucose and increased during consumption of fructose. In both groups of subjects, plasma HDL concentrations were unchanged at 10 weeks but increased at the 2-and 8-week time points.
In subjects consuming glucose, fasting small dense LDL (sdLDL) concentrations ( Figure 3 , C and D) initially decreased at 2 weeks and were not different from baseline at 10 weeks. In contrast, fasting sdLDL concentrations increased progressively in subjects consuming fructose. sdLDL was the lipid parameter most affected by preexisting metabolic syndrome risk factors (MSRF), with increases during fructose consumption more than 2-fold greater in subjects with 3 MSRF than in subjects with 0 to 2 MSRF (Supplemental Table 7 ). Fasting oxidized LDL concentrations did not change in subjects consuming glucose but increased in subjects consuming fructose.
Fasting plasma remnant-like particle lipoprotein-TG (RLP-TG) and RLP-cholesterol (RLP-C) concentrations were unaffected by consumption of glucose or fructose (data not shown). In subjects consuming glucose, postprandial concentrations of RLP-TG (Figure 3 , E and F) were unchanged; however RLP-C concentrations were increased at 8 weeks. During consumption of fructose, postprandial concentrations of both RLP-TG and RLP-C were increased. FFA exposure over 24 hours was increased in subjects consuming glucose but unchanged in subjects consuming fructose.
Increased DNL contributed to the increases of postprandial TG during fructose consumption. Fractional hepatic DNL was unchanged during glucose consumption, both in the fasting (8.8% ± 1.8% vs. 9.5% ± 1.8%; P = 0.47) and postprandial states (13.4% ± 2.8% vs. 14.2% ± 1.7%; P = 0.31). Fasting DNL was unaffected during fructose consumption (9.9% ± 1.3% vs. 8.3% ± 0.9%; P = 0.25), but postprandial DNL was significantly increased (11.4% ± 1.3% vs. 16.9% ± 1.4%; P = 0.021) ( Table 4 ). The 16-hour AUC for fractional DNL was not increased compared with baseline in subjects consuming glucose (54% ± 17% vs. 60% ± 8% × 16 h; P = 0.69) but was significantly increased in subjects consuming fructose (21% ± 9% vs. 104% ± 19% × 16 h; P = 0.0043). The increase of the 16-hour AUC for fractional DNL during fructose consumption was significantly larger than that during glucose consumption (83% ± 22% vs. 7% ± 14% × 16 h; P = 0.016) (Figure 4 ). Reduced TG clearance may also contribute to increases of postprandial TG in subjects consuming fructose. Postprandial postheparin lipoprotein lipase (LPL) activity tended to increase after 10 weeks of glucose consumption and to decrease after 10 weeks of fructose consumption, and the overall difference between the sugars was significant (P = 0.041). Fasting postheparin LPL activity was not significantly affected by consumption of either glucose or fructose (Table 4) .
Plasma glucose, plasma insulin, and insulin sensitivity. Indices of insulin sensitivity/glucose tolerance at the measured time points with effects of sugar analyses are presented in Supplemental Table 8 . In general, insulin sensitivity and glucose tolerance were not affected by the consumption of glucose but were decreased during the consumption of fructose (Table 5 ). Fasting glucose concentrations decreased in subjects consuming glucose but increased in subjects consuming fructose. Fasting insulin concentrations were unchanged during glucose consumption but were increased during consumption of fructose beverages. Glucose excursions, as assessed by the 3-hour AUC, increased in both groups of subjects during the OGTT ( Figure 5, A and B) . Insulin excursions were unchanged in subjects consuming glucose but increased in subjects consuming fructose ( Figure 5 , C and D). The insulin sensitivity index, assessed by the deuterated glucose disposal (5), was unchanged in subjects consuming glucose but decreased by 17% in subjects consuming fructose ( Figure 5E ). The magnitude of the changes of indices of insulin sensitivity during fructose consumption were not significantly affected by the number of MSRF (Supplemental Table 9 ).
Effect of sexual phenotype. The total and percentage increases of fat mass (men: +4.4% ± 0.8%; women: +1.5% ± 0.7%; P = 0.020) and intraabdominal fat volume (men: +18.1% ± 5.1%; women: -0.6% ± 4.4%; P = 0.049) were greater in men than in women. Men consuming fructose also had larger increases of intraabdominal fat compared with women consuming fructose (P = 0.033; Supplemental Table  3 ). Fructose consumption resulted in larger increases of 24-hour TG exposure, postprandial TG peak, and postprandial RLP-C in men compared with women (Supplemental Table 10 ). There were no significant differences in the effects of fructose on indices of glucose tolerance/insulin sensitivity between men and women (Supplemental Table 11 ). However, overall the changes in insulin sensitivity were different between men and women (P = 0.033; Supplemental Table 9 ), with women exhibiting significantly greater decreases of insulin sensitivity in response to sugar consumption than men. The insulin sensitivity index decreased by 10.2% ± 12.1% in women consuming glucose but increased by 12.5% ± 12.6% in men consuming glucose. The insulin sensitivity index decreased by 23.6% ± 4.4% in women consuming fructose and by 11.7% ± 5.6% in men consuming fructose.
Effects of energy intake during the previous day. Subjects consumed significantly more energy ad libitum on the days prior to the 2-week and 8-week 24-hour serial blood collections than during the energy-balanced feeding that preceded the 0-week and 10-week 24-hour serial blood collections (Supplemental Table 12 ). The previous day's energy intakes were included in the mixed procedures (PROC MIXED) repeated measures (RM) ANOVA model as a time-level covariable; therefore, the contribution and significance of the effect of the previous day's energy intake on the variation of the outcome response can be ascertained by the F statistic and P value of the covariable (Supplemental Table 13 ). Within subjects consuming fructose, postprandial apoB was the outcome most significantly affected by energy intake during the previous day; TG exposure, fasting apoB, and postprandial RLP-C were significantly affected as well.
Discussion
BW and body fat. Given the comparable weight gain in the 2 groups of subjects, the differences in intraabdominal fat gain and in the gene expression of lipogenic enzymes from subcutaneous adipose biopsies suggest that fructose consumption may specifically promote lipid deposition in VAT, particularly in men, whereas glucose consumption appears to favor SAT deposition.
Dyslipidemia. In agreement with the results from this study, we and other investigators have reported that long-term consumption (≥2 weeks) of fructose at 20%-25% of energy requirement did not
Figure 1
Changes of BW and abdominal fat. (A) Changes of BW during the 2-week inpatient baseline, 8-week outpatient intervention, and 2-week inpatient intervention periods. **P < 0.01; ****P < 0.0001, day 56 outpatient:intervention vs. day 1 outpatient:intervention; paired Student's t test. Glucose, n = 15; fructose, n = 17. (B) Changes of total abdominal adipose tissue, SAT, and VAT volume in subjects after consuming glucose-or fructose-sweetened beverages for 10 weeks. *P < 0.05; **P < 0.01, 10 weeks vs. 0 weeks; paired Student's t test. Glucose, n = 14; fructose, n = 17. Data represent mean ± SEM.
increase fasting TG concentrations in humans (6) (7) (8) (9) (10) (11) (12) . However, increases of fasting TG concentrations have been reported after 2 or more weeks of fructose consumption at 15%-20% of energy requirements (13) (14) (15) (16) (17) (18) . The reason for these conflicting results is unclear but may be related to the marked within-group and within-individual variability we observed in fasting TG responses to dietary fructose.
Bantle et al. previously reported that a 6-week diet providing 17% of energy from fructose increased postprandial TG concentrations compared with an isocaloric glucose diet in healthy men but not in healthy women (13) . The increases of postprandial TG in men in the present study confirm those reported by Bantle et al.; however, the women consuming fructose from this study and our previous study (11) also had significantly increased TG AUCs compared with women consuming glucose. The women studied by Bantle et al. were leaner and younger than the women in the present study and of mixed menopausal status. Body fat (19) , age (20) , and menopausal status (21, 22) have all been shown to affect postprandial TG responses in women.
We have demonstrated that a mechanism by which fructose induces postprandial hypertriglyceridemia is through increased hepatic DNL. It has long been established that in contrast to the metabolism of glucose, fructose metabolism is independent of phosphofructose kinase regulation; thus, its uptake by the liver and its metabolism to DNL substrate is not limited by energy status (cytosolic ATP and citrate levels) (23) . In addition, fructose may activate sterol receptor element-binding protein-1c independently of insulin, which activates genes involved in DNL (24, 25) . However, demonstrations that sustained fructose consumption increases DNL in humans are limited to an abstract (26) and an overfeeding study (800-1000 kcal/d fructose in excess of energy requirement) (27) . This is the first study, to our knowledge, to demonstrate that prolonged fructose consumption but not glucose consumption increases hepatic fractional DNL in humans when measured during energy-balanced feeding.
The increased rate of fructose-induced DNL generates fatty acids for production of hepatic TG. Additionally, hepatic DNL limits fatty acid oxidation in the liver via production of malonyl-CoA, which reduces the entry of fatty acids into the mitochondria (28) . Thus, fructose-induced DNL may increase hepatic lipid not only by supplying endogenous fatty acids but also by increasing the intrahepatic availability of fatty acids derived from the circulation (28) . Increased hepatic lipid levels are associated with increased VLDL synthesis and secretion, specifically that of VLDL1 (29) . apoB is essential for the intracellular assembly of TG into VLDL, and apoB degradation is reduced when hepatic lipid is increased (30) . The positive correlations between the previous day's energy intake and postprandial apoB and TG concentrations in subjects consuming fructose suggest that positive energy balance also increases hepatic lipid availability.
While we propose that increased VLDL synthesis/secretion is the main contributor (31), the significantly different postprandial postheparin LPL responses between the 2 treatment groups suggest that reduced TG clearance might also contribute to fructose-induced postprandial hypertriglyceridemia. Both reduced postmeal exposure to insulin (32) and decreased insulin sensitivity (33) may have contributed to lowered postprandial LPL activity in subjects consuming fructose compared with those consuming glucose. It has been demonstrated that SAT is more sensitive to the effects of insulin in activating LPL than VAT (34); thus, the differential LPL responses may contribute to the increased fat deposition in SAT in subjects consuming glucose and increased fat deposition in VAT in subjects consuming fructose.
There is growing evidence linking increases of postprandial TG concentrations with proatherogenic conditions (35) (36) (37) (38) (39) (40) . This link may be due to lipoprotein remodeling induced by increased levels of VLDL1 and mediated by cholesteryl ester transfer protein (CETP) and hepatic lipase, which results in increased concentrations of sdLDL and RLP (31, (41) (42) (43) (44) . sdLDL is more easily oxidized than larger LDL particles (45) , and accordingly, subjects consuming fructose also had significantly increased concentrations of oxidized LDL. The doubling of fructose-induced increases of both fasting and postprandial sdLDL concentrations in subjects with metabolic syndrome (MSRF = 3) compared with subjects with 0-2 MSRF was striking. In all cases, the additional risk factor in the 5 subjects with MSRF 3 compared with the 5 subjects with MSRF 2 was the presence of fasting TG over 150 mg/dl, suggesting that preexisting hypertriglyceridemia can exacerbate lipoprotein remodeling associated with fructose-induced increases of postprandial TG. The unchanged FFA exposure in subjects consuming fructose is an important finding. It has been suggested that fructose consumption promotes development of the metabolic syndrome through increased adiposity and adipose insulin resistance, which leads to increased circulating and portal levels of FFA (46) . The resulting increase in hepatic FFA uptake increases hepatic lipid availability and hepatic insulin resistance (47) . However, the absence of an effect of fructose on systemic FFA suggests that fructose may promote insulin resistance by providing a more direct source of intrahepatic lipid via DNL (48) .
Insulin sensitivity and glucose tolerance. We propose that the increased hepatic lipid resulting from fructose-induced DNL leads to hepatic insulin resistance (49, 50) , possibly by increasing levels of diacylglycerol (49) . Diacylglycerol is a known activator of novel PKC (51), and increases of both diacylglycerol and novel PKC activity are associated with lipid-induced insulin resistance (52, 53) . It has been previously reported that consumption of 1,000 extra kcal/d fructose along with ad libitum diet reduced insulin sensitivity in healthy subjects, whereas insulin sensitivity was unchanged in subjects consuming an extra 1,000 kcal/d glucose (54) . Our results confirm this difference with a smaller quantity of fructose (617 ± 24 kcal/d) consumed with an energy-balanced diet in a controlled metabolic setting for 3 days prior to testing. However, because the subjects gained BW and fat during the outpatient intervention, it is not known whether fructose consumption decreases insulin sensitivity to the same degree in the absence of BW and fat gain. Interestingly, the changes of BW or body fat and the change of insulin sensitivity were not correlated.
Recently, it was reported that the inclusion of fructose with an energy-balanced diet in men increased fasting glucose levels, but other indices of insulin sensitivity were unaffected (17) . Factors that may contribute to the differences between these results and those of the present study include study duration, fructose exposure, subject weight gain, age, and baseline insulin sensitivity.
Effect of sexual phenotype. Bantle et al. (13) previously reported that fructose-induce postprandial TG responses were greater in men than in women; thus, the higher 24-hour TG exposure, postprandial TG peaks, and RLP-C concentrations we report in men compared with women were not unexpected. The finding that women had sdLDL increases comparable to those of men despite having lower TG responses to fructose consumption suggests that the TG threshold required to increase the production of sdLDL may be lower in women than men. The greater decrease of insulin sensitivity noted in women compared with men in response to sugar consumption was unexpected and contrasts with the sexual phenotype effect noted during a fructose overfeeding study (55) . Indices of insulin sensitivity were decreased in healthy young men but were unchanged in healthy young women (55) . Hepatic lipid accumulates when TG production exceeds FFA oxidation and VLDL production and secretion (56) . It is possible that women in the current study exhibited larger decreases in insulin sensitivity than men due to decreased rates of VLDL production and secretion, which resulted in greater increases of hepatic lipid content. The younger women (55) may have accumulated less hepatic lipid than the older women due to their having increased rates of FFA oxidation (57) . The overall effect of sexual phenotype on the changes of insulin sensitivity also contrasts with the sexual phenotype effect for the changes of intraabdominal fat, which increased more in men than in women. These opposing sexual phenotype effects also suggest that fructose decreases insulin sensitivity independently of visceral adiposity and FFA levels (48).
Figure 2
Plasma TG. 24-hour circulating TG concentrations in subjects before and after 2, 8, and 10 weeks of consuming glucose-sweetened beverages (A) or fructose-sweetened beverages (B). ++ P < 0.01 PROC MIXED 3-factor RM ANOVA with prior day's energy intake covariable for 23-hour TG AUC. Glucose, n = 14; fructose, n = 17. Data represent mean ± SEM.
Model. Figure 6 presents a proposed model for the divergent metabolic effects of glucose and fructose consumption.
Fructose and public health. While this study was designed to compare the biological effects of glucose and fructose consumption on lipid and carbohydrate metabolism, the potential implications of the results on public health is of interest. Foods and beverages in the US are typically sweetened with sucrose (50% glucose and 50% fructose) or high-fructose corn syrup (HFCS), which is usually 45%-58% glucose and 42%-55% fructose, rather than pure glucose or fructose. We have reported in a short-term study that the 23-hour postprandial TG profiles in male subjects consuming 25% energy as HFCS (55% fructose) or sucrose were elevated to a degree similar to that observed when pure fructose-sweetened beverages were consumed (19) . Therefore, it is uncertain whether the adverse effects of sucrose and HFCS consumption are "diluted" by their lower fructose content relative to pure fructose. Additional studies are needed to compare the longterm effects of consuming HFCS and/or sucrose with 100% fructose.
The amount of sugar consumed by the subjects in this study, 25% of energy requirements, is considerably higher than 15.8%, the current estimate for the mean intake of added sugars by Americans (58). However, recent reports (59-63) suggest that the sugar intake from beverages alone approaches or exceeds 15% of energy in adolescents and adults up to 40 years of age. The large SDs in several of these reports suggest that at least 16% of the studied populations was consuming over 25% of daily energy requirements from sugar-sweetened beverages (59, 62, 63) .
Conclusions. We reached the following conclusions: (a) The increase in VAT in subjects consuming fructose and the increase in the expression of lipogenic genes in SAT in subjects consuming glucose suggest that fructose and glucose have differential effects on regional adipose distribution. We believe that these results are novel and warrant further investigation. (b) In addition to increases of postprandial TG and fasting and postprandial apoB, we show for what we believe is the first time that fructose consumption increases plasma concentrations of fasting sdLDL, oxidized LDL, and postprandial RLP-C and RLP-TG in older, overweight/obese men and women, whereas glucose consumption does not. These changes may be associated with increased risk of cardiovascular disease (30, 36, 45, (64) (65) (66) . (c) Fructose consumption increased hepatic fractional DNL, and postprandial LPL activity was lower in subjects consuming fructose compared with those consuming glucose. These results suggest that both increased DNL and decreased LPL-mediated clearance contribute to Figure 3 apoB, sdLDL, and RLP-TG. Fasting apoB concentrations in subjects before and after 2, 8, and 10 weeks of consuming glucose-sweetened beverages (A) or fructose-sweetened beverages (B). Fasting sdLDL concentrations in subjects before and after 2, 8, and 10 weeks of consuming glucosesweetened beverages (C) or fructose-sweetened beverages (D). Postprandial RLP-TG concentrations in subjects before and after 2, 8, and 10 weeks of consuming glucosesweetened beverages (E) or fructose-sweetened beverages (F). ++ P < 0.01; +++ P < 0.001; ++++ P < 0.0001, PROC MIXED 3-factor RM ANOVA (C and D) with prior day's energy intake covariable (A, B, E, and F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Tukey's multiple comparison test vs. 0 weeks. Glucose, n = 15; fructose, n = 17. Data represent mean ± SEM.
fructose-induced postprandial hypertriglyceridemia. (d) Consumption of fructose at 25% of energy requirements with an ad libitum diet decreased glucose tolerance and insulin sensitivity in older overweight/obese adults compared with glucose consumption. (e) VAT accumulation and increases of 24-hour TG exposure, peak postprandial TG concentrations, and postprandial RLP-C concentrations in response to fructose consumption were more pronounced in men than in women. Consumption of sugar-sweetened beverages resulted in greater decreases in insulin sensitivity in women than in men.
Dose-response studies are needed to determine what levels of dietary fructose and HFCS and/or sucrose are associated with adverse changes of lipids and decreased insulin sensitivity in different populations.
Methods
Study design. This was a double-blinded parallel arm study that used matched subjects and consisted of 3 phases (Table 1) : (a) a 2-week inpatient baseline period during which subjects consumed an energy-balanced diet; (b) an 8-week outpatient intervention period during which subjects consumed either fructose-or glucose-sweetened beverages providing 25% of daily energy requirements along with their usual ad libitum diet; and (c) a 2-week inpatient intervention period during which subjects consumed fructose-or glucose-sweetened beverages providing 25% of daily energy requirements with an energy-balanced diet. The inpatient periods allowed comparisons of the high-fructose and glucose diets under well-controlled metabolic conditions. However, sugar-sweetened beverages are typically consumed as part of an ad libitum diet that is likely to contain more energy than the inpatient diet and have the potential to promote weight gain. Therefore, the purpose of the 8-week outpatient period was to compare the effects of consumption of fructose or glucose along with ad libitum diet on BW gain and composition.
Subjects. Participants were recruited through newspaper advertisements and underwent a telephone and an in-person interview with medical history, a complete blood count, and a serum biochemistry panel to assess eligibility. Inclusion criteria included age from 40 to 72 years and BMI of 25-35 kg/m 2 with a self report of stable BW during the prior 6 months. Women were considered postmenopausal based on a self report of no menstruation for at least 1 year. Exclusion criteria included evidence of diabetes, renal disease, or hepatic disease; fasting serum TG concentrations greater than 400 mg/dl; hypertension (>140/90 mmHg); and history of surgery for weight loss. Individuals who smoked, reported exercise of more than 3.5 hours/week at a level more vigorous than walking, or reported having used thyroid, lipid-lowering, glucose-lowering, antihypertensive, antidepressant, or weight-loss medications were also excluded. Diet-related exclusion criteria included habitual ingestion of more than 1 sugar-sweetened beverage per day or more than 2 alcoholic beverages per day. The UCD Institutional Review Board approved the experimental protocol, and subjects provided informed consent for participation in the study. Thirty-nine subjects enrolled in the study, and experimental groups were matched for sexual phenotype, BMI, and fasting TG and insulin concentrations. Seven subjects (3 in the glucose group, 4 in the fructose group) did not complete the study because of inability/unwillingness to comply with protocol or due to personal or work-related conflicts.
Diets -inpatient baseline. During the 2-week baseline and 2-week intervention inpatient metabolic phases of the study in the CCRC, subjects consumed energy-balanced diets providing 15% of energy as protein, 30% as fat, and 55% as carbohydrate (Supplemental Table 1 ). During the baseline period, the carbohydrate content consisted primarily of complex carbohydrates. The diet was designed as a 4-day rotating menu composed of conventional foods served in 3 meals, with 25% of the energy provided at breakfast (0900 hours), 35% at lunch (1300 hours), and 40% at dinner (1800 hours). During the inpatient periods when the diets were controlled and monitored, the subjects were required to consume all of the food and were limited to only the food provided. Daily energy requirements were calculated by the Mifflin equation (67), with an adjustment of 1.3 for activity on the days of the 26-hour isotope infusion and 24-hour serial blood collections and an adjustment of 1.5 for the other inpatient days. BW was monitored daily, and energy intake was adjusted when the slope of the BW
Figure 4
Hepatic fractional DNL. Change of fractional DNL before and during steady-state feeding of meals with glucose-or fructose-sweetened beverages (9 weeks) compared with high-complex carbohydrate meals (0 weeks). *P = 0.016, GLM ANOVA, effect of sugar on Δ of 16-hour fractional DNL AUC at 9 weeks vs. 0 weeks. Glucose, n = 8; fructose, n = 10. Data represent mean ± SEM.
Table 5
Baseline levels and percentage changes in fasting glucose and insulin and indices of insulin sensitivity after consumption of glucose-or fructose-sweetened beverages for 10 weeks chart trended up or down (68) . For 31 of the 32 subjects who completed the study, no adjustments were required. Diets -outpatient intervention. Subjects were instructed to consume their usual diets. Sugars were provided to the subjects as 3 daily servings of glucose-or fructose-sweetened beverages flavored with an unsweetened drink mix (Kool-Aid; Kraft). Subjects were instructed to drink 3 servings per day, 1 with each meal, and not to consume other sugarcontaining beverages including fruit juice during the study protocol. Beverages were prepared under the supervision of the study supervisor at the UCD Department of Nutrition Ragle Human Nutrition Research Facility. The subjects, CCRC personnel, and technicians who performed analyses were blinded to the sugar assignments. Subjects obtained their beverage supply twice weekly at the CCRC. The beverages contained a biomarker (riboflavin), which was measured fluorometrically in urine samples collected at the time of beverage pickup to monitor compliance. Subjects were informed that they were being monitored for compliance. Based on fluorescein counts, urinary riboflavin levels were 14.6 ± 1.3 times higher in subjects consuming glucose and 12.4 ± 0.8 times higher in subjects consuming fructose during the intervention weeks than during baseline (P = 0.16), which suggests the 2 groups were comparably compliant (Supplemental Table 14) .
Estimates of food intake during the outpatient phase of the study were collected by 24-hour recall (via telephone) using the USDA 5-step multiplepass method as described by Conway (69) (Supplemental Table 2 ). The recalls
Figure 5
OGTT and glucose disposal test. Glucose concentrations during an OGTT in subjects before and after 9 weeks of consuming (A) glucose-sweetened beverages or (B) fructose-sweetened beverages. Insulin concentrations during an OGTT in subjects before and after 9 weeks of consuming glucose-sweetened beverages (C) or fructose-sweetened beverages (D). *P < 0.05; **P < 0.01; ***P < 0.001, paired Student's t test, 9 weeks vs. 0 weeks. Glucose, n = 15; fructose, n = 17. Insulin sensitivity index during glucose disposal test as percentage of baseline in subjects before and after 9 weeks of consuming glucose-or fructose-sweetened beverages (E). **P < 0.01, paired Student's t test, 9 weeks vs. 0 weeks. Glucose: n = 14; fructose: n = 17. Data represent mean ± SEM.
were conducted on 6 random days at 2-week and 7-week intervention. The same registered dietitian administered the recall to all subjects. Recalls were analyzed with Nutrition Data System for Research (version 2005, University of Minnesota). The results from all 6 recalls were averaged, except for reports that were judged by the dietitian to be outliers to the usual dietary pattern due to illness or other circumstances.
Diets -inpatient intervention. Following the 8-week outpatient intervention period, subjects returned to the CCRC for a 2-week inpatient inter-
Figure 6
Proposed mechanisms underlying the differential effects of fructose and glucose consumption. Hepatic glucose metabolism is regulated by phosphofructokinase, which is inhibited by ATP and citrate when energy status is high, thus limiting hepatic uptake of dietary glucose and production of DNL substrates. The hepatic metabolism of dietary fructose is independent of energy status, resulting in unregulated hepatic fructose uptake and increased lipogenesis. The resulting increased hepatic lipid decreases apoB degradation and increases production/secretion of VLDL-TG, mainly as TG-rich VLDL1 (29) . This, along with chylomicron competition for LPL-mediated TG hydrolysis and reduced LPL activation by insulin, results in longer VLDL residence time, allowing for augmented cholesteryl ester transfer protein-mediated (CETP-mediated) lipid exchanges with LDL and increased LDL-TG and RLP levels. Hydrolysis of LDL-TG by hepatic lipase increases plasma sdLDL concentrations. After an overnight fast, DNL is no longer elevated and VLDL and chylomicrons remnants have been cleared; thus, plasma TG levels are normal. Postprandially, the increment of plasma apoB levels is associated with VLDL particles; in the fasting state, it is presumably associated with sdLDL, which turns over more slowly. As SAT is more sensitive to insulin activation of LPL activity than VAT, reduced postmeal insulin exposure may lead to less TG uptake in SAT and thus increased TG uptake/accumulation in VAT. Increased hepatic lipid supply may also induce hepatic insulin resistance, possibly through increased levels of diacylglycerol, which activates novel PKC (85) . Novel PKC decreases tyrosine phosphorylation of the insulin receptor/insulin receptor substrate 1, resulting in increased hepatic glucose production, impaired glucose tolerance, and increased fasting glucose and insulin concentrations. oxLDL, oxidized LDL. vention period. The energy-balanced intervention diet was the same as described for the baseline diet, except that while the overall carbohydrate content remained at 55% of energy requirements, 30% of the energy was from complex carbohydrates and 25% was provided by fructose-or glucosesweetened beverages (Supplemental Table 1 ).
Meals consumed during and prior to the 24 hours in which blood was collected. Meals served during the 24-hour serial blood collections were identical at all 3 intervention time points (2 weeks, 8 weeks, 10 weeks), and the intervention meals were matched as closely as possible to the baseline meals (0 weeks), except for the substitution of 25% of energy from sugars for the complex carbohydrates. The baseline (0 weeks) and final (10 weeks) intervention 24-hour serial blood collections were performed after subjects had consumed energy-balanced, weight-maintaining diets in the CCRC for 10 days. The 24-hour serial blood collections that occurred after 2 weeks and 8 weeks of intervention were preceded by 2-and 8-week periods of ad libitum food intake. On the day before the 2-and 8-week blood collections, subjects entered the CCRC at 0700 hours and consumed buffet meals ad libitum for breakfast, lunch, and dinner along with the sugar-sweetened beverages. The buffet menu items and quantities provided were the same on both days, and each subject's ad libitum food intake was determined without the subject's being aware that their food intake was monitored.
Measurements of body composition and blood pressure. Subjects were weighed daily in the morning before breakfast during the inpatient phases. Total body fat was determined by dual energy x-ray absorptiometry (DXA). CT scans of the abdomen were performed at the level of the umbilicus to quantify SAT, VAT, and total abdominal fat areas. Total tissue area was computed as the area with an attenuation range of -250 to +1,500 Hounsfield units; an attenuation range of -250 to -50 Hounsfield units was used to define fat areas. SAT and VAT areas were differentiated by delineating the border of the peritoneal cavity. CT scans and fat quantifications were performed at the UCD Medical Center under the supervision of John McGahan. Blood pressure was measured with an automatic blood pressure cuff (Welch Allyn) twice daily during inpatient periods.
Gluteal adipose biopsy and RNA analyses. Needle biopsy samples of subcutaneous gluteal adipose tissue were obtained following lidocaine injection. A 3-ml fat biopsy was obtained, transferred to RNAlater (Ambion; Applied Biosystems), and stored at 4°C. After 48 hours, adipose samples were removed from RNAlater and stored at -80°C until analysis. RNA isolation, cDNA synthesis, and gene expression analysis using TaqMan Gene Expression Assays (Applied Biosystems) were performed as previously described (70) in the laboratory of Ronald Krauss. The percentage changes of gene expression were calculated as the natural log of the expression at 10 weeks/ natural log of the expression at baseline × 100.
24-hour fasting and postprandial blood profiles. 24-hour serial blood collections occurred during baseline (0 weeks) and after 2, 8, and 10 weeks of intervention. At 0730 hours, an i.v. catheter was inserted into an arm vein by a registered nurse and kept patent with slow saline infusion. Three fasting blood samples were collected in EDTA at 0800, 0830, and 0900 hours. Thirty-three postprandial blood samples were collected at 30-to 60-minute intervals from 0930 until 0800 hours the next morning (32, 71) . Meals were served at 0900, 1300, and 1800 hours. An additional 3 to 6 ml of blood was collected at each of the following time-points: 0800, 0830, and 0900 and 2200, 2300, and 2330 hours. The plasma from the 3 fasting samples (0800, 0830, and 0900 hours) was pooled, as was the plasma from the 3 postprandial blood samples (2200, 2300, and 2330 hours); multiple aliquots of each pooled sample were stored at -80°C.
Hepatic fractional DNL. Fractional DNL was studied via infusion of isotopic acetate during baseline and 10-week intervention. At 2000 hours, i.v. catheters were inserted into veins of both arms and kept patent with slow saline infusion. Following a baseline blood collection, at 2200 hours, a 26-hour infusion (55.6 ml/h) of 0.5 g/h sodium [1-13 C]acetate (Cambridge Isotope Laboratories Inc.) was initiated. Fasting blood samples were collected the next morning at 0700, 0730, and 0800 hours, followed by the initiation of steady-state feeding using a feeding protocol previously validated to study VLDL kinetics (72) . Subjects consumed 1/16 of their energy requirement each hour from 0800 to 2300 hours as rice and chicken casseroles with bread during baseline and as rice and chicken casseroles with fructose or glucose beverages during intervention. Postprandial blood was collected hourly from 1300 to 2400 hours. Lipoprotein fractions were isolated using sequential ultracentrifugation (73) . Plasma VLDL-13 C palmitate enrichment and mass isotopomers were measured as described by Hellerstein et al. (74) and Faeh et al. (27) in the VLDL1 fraction. Fasting and postprandial hepatic DNL were calculated as the mean of the samples collected before and during the final 10 hours of steady-state feeding, respectively. Due to budget constraints, the stable isotope infusion was conducted only on the first 23 subjects enrolled in the study, and of these tests, 5 were unsuccessful due to nonpatent catheters. There was a disproportionate number of men in the fructose subset (7 men, 3 women); however. the effect of sexual phenotype on the general linear model (GLM) 2-factor ANOVA for 16-hour AUC for fractional DNL was P = 0.89. Otherwise, there were no significant differences in baseline characteristics between the 2 groups of subjects in the DNL subset, and they were representative of the larger group.
Postheparin LPL. During the baseline and intervention periods, a postprandial blood sample was collected at 2000 hours followed by i.v. injection of 50 units of heparin/kg BW and collection of another blood sample 10 minutes later. The procedure was repeated in the fasting state the following week. Blood samples were assayed for total lipase and hepatic lipase activity by Asahi Kasei Pharma by the method of Imamura (75) .
OGTT and disposal test. During baseline and intervention week 9, an OGTT was performed after an overnight fast. Blood samples were collected before and 30, 60, 90, 120, 180, and 240 minutes after consumption of a 75-gram glucose solution (300 ml). The OGTT was expanded to include measurement of glucose disposal and insulin sensitivity using the deuterated-glucose disposal test developed by Hellerstein and colleagues, as described previously (5) . The 75 g oral glucose load contained 15 g of 6,6,D2 glucose (Cambridge Isotope Laboratories). Because the hydrogen atoms in C-H bonds of glucose at position C-6 are more than 90% lost to tissue water during glycolytic metabolism but are retained in the glucose molecule in the absence of glycolytic metabolism, 2 H2O production provides a sensitive index of whole-body glycolytic utilization of plasma glucose. In addition, glucose transport across capillary endothelium, transport into cells, phosphorylation, and glycolytic metabolism are all increased by insulin (76), and 2 H2O production (μmoles)/AUC insulin has been shown to be an insulin-sensitivity index that is highly correlated to the M value from euglycemic-hyperinsulinemic glucose clamps (5). The deuterium content of plasma samples was determined using a Thermo Finnigan High Temperature Conversion/Elemental Analyzer coupled with a Thermo Finnigan MAT 253 Isotope Ratio-Mass Spectrometer via a ConFlo III Interface. The deuterium isotope abundance was calculated in δ 2 H values relative to the international Vienna Standard Mean Ocean Water standard, transformed to atom percentage excess by using a calibration curve of standards, and converted to millimoles by multiplying the 2 H2O enrichment by the total body water pool size and dividing by 20 (the molecular weight of 2 H2O). Total body water was measured immediately prior to the OGTT by bioimpedance spectroscopy (Xitron Technologies).
Analyses. Glucose concentrations were measured with an automated glucose analyzer (YSI) and insulin by radioimmunoassay (Millipore). Lipid and lipoprotein concentrations (total cholesterol, HDL, TG, apoB, and apoA1) were determined using a Polychem Chemistry Analyzer (Polymedco Inc.). FFA concentrations were measured with an enzymatic colorimetric assay (Wako) adapted to a microtiter plate. Oxidized LDL was measured with a commercially available ELISA (Mercodia). sdLDL (density = 1.044-1.063 g/ml) was separated from plasma by precipitation (77) . The LDL concentration of the sdLDL extract and plasma was determined by direct homogenous assay using detergents (LDL-EX; Denka Seiken Co.) (78) . The accuracy of this homogenous method has been described (79, 80) . RLP were quantified with an immunoseparation assay (81, 82) .
Statistics. The AUC was calculated for TG and DNL using the trapezoidal method. The mean of the 3 baseline values was determined, and the net AUC was calculated by subtracting the AUC values below baseline from the AUC values above baseline. For TG, glucose, and insulin, fasting concentrations represent the mean concentration of the samples collected at 0800, 0830, and 0900 hours during the 24-hour serial blood collections. For all other lipid parameters, fasting concentrations were measured in pooled plasma samples collected during the 24-hour serial blood collections at 0800, 0830, and 0900 hours, and postprandial levels were measured in pooled plasma collected at 2200, 2300, and 2330 hours. Statistical tests were performed with SAS 9.1.
Differences in the lead-in diet could potentially affect the responses to fructose or glucose consumption at the 3 intervention time points (2, 8, and 10 weeks) compared with consumption of complex carbohydrates at baseline (0 weeks). Specifically, the 0-and 10-week 24-hour serial blood collections were preceded by 10 days of consumption of an energy-balanced diet, whereas the 2-week and 8-week collections were preceded by consumption of ad libitum diets. To differentiate the acute variations associated with differences in the prior day's energy intake from the effects of sugar intake, the energy intake of each subject during the 24 hours prior to each 24-hour period in which blood was collected was entered as a timelevel covariable in an RM model using PROC MIXED with time, type of sugar, sexual phenotype, and MSRF as factors. The covariable was removed from the model when its F statistic was ≤ 1.0. Insignificant 3-way interactions were removed if they decreased the precision of the model. MSRF was defined by the American Heart Association/National Heart, Lung, and Blood Institute (83, 84) . Response variables were further analyzed using the same model in separate RM ANOVAs for fructose or glucose with time, sexual phenotype, and MSRF as factors. For both the 3-and 4-factor RM ANOVAs, Tukey's multiple comparison post tests were used to compare effects of type of sugar, sexual phenotype, or MSRF within and between groups. For response variables that were measured at only 2 time points, 0 and 10 weeks, the Δ or percentage Δ between the 2 time points was analyzed by GLM, with type of sugar, sexual phenotype, and MSRF as factors. The effects of sexual phenotype and MSRF within the individual sugar groups were analyzed in sugar-specific 2-factor GLM ANOVAs with Tukey's multiple comparison tests, and the effects of the individual sugars were analyzed by 2-tailed paired Student's t test (10 vs. 0 weeks). P < 0.05 was considered significant. Data are presented as mean ± SEM.
Note added in proof. A new manuscript from our group appeared recently (86) that extends our previous study from 2004 (32) of the effects of shortterm (1 day) fructose and glucose consumption in normal weight young women to young, obese men and women and examines the effects of baseline insulin sensitivity (HOMA-IR) on the acute 24-hour TG response. The current study provides data on the effects of sustained long-term fructose and glucose exposure on dyslipidemia, de novo lipogenesis, insulin sensitivity, and visceral adiposity.
